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Inventor’s Name: Armand Rosenberg and Ronald J. Tonucci

OPTICAL FILTERS BASED ON UNIFORM ARRAYS OF M_ETALLIC WAVEGUIDES

Background of the Invention

1. Field of the Invention

The present invention relates to spectral filters and methods. of making spectral
filters for ﬁltermg infrared, visible and ultraviolet radiation. More partlcularly, the present
invention relates to hlgh-pass low-pass and band-pass fi lters constructed by coating the channels

ofa nanochannel glass array with a reﬂectlve material.

2. Description of the related art

-Many techmques exist currently for ﬁltenng infrared, visible and ultraviolet radlatlon

‘ Amonc these are: monochromators (gratmg or prism types), resonators (for example, F abry-Perot
type) multrlayer dlelectnc thm ﬁlms on appropnate substrates ﬁlms or bulk matenals havmg

appropnate dlelectnc functlons absorbmg colored ﬁlters scatter ﬁlters at al , In practice, all of

these techmques are adversely affected to varymg degrees by envuonmental factors such as heat,
hurmdny, v1brat10ns etc.; no rugged ﬁltermg techmque which would be relatlvely insensitive to
changes in these environmental factors exists at present

- At 100 pm and longer wavelengths filters based on arrays of metalhc wavegmdes have

been fabricated. Such hlgh-pass filters for the far-infrared spectral region are described in the
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follcwing publications: Fritz Keilmann, Int.:l.‘:of Infrared and Millimeter Waves 2, 259 ( 19815-
T. Timusk and P. L. Richards, Appl Optics 20, 1355 (1581) and P. G. Huggard, M. Meyrmger
A. SChllZ, K. Goller, and W Prettl Appl. Opucs 33, 39 (1994) These filters are very rugged
generally con51st1ng of a single piece of perforated metal or grid; they are relatlvely light and
compact, are not very sensitive to environmental factors such as heat humidity, and mechanical
vibrations, and are not affected by reasonable misalignments. Their spectral properties are‘

relatively easy to control by modifying the geometrical parameters of the waveguldes Besides

‘the Tuggedness, far-mfrared filters based on arrays of waveguides have several addmonal

advantages over other types of filters. For a closely packed array of wavegmdes the transmission
of these ﬁlters greatly exceeds the fraction of open area (the total cross- sectlonal area of the
waveguides divided by the total area covered by the array). Due to a resonance involving
neighborlng waveguides, the transmission can appreach unity under favorable_conditiens, thus
exceeding that bbtained by other filtering .metho.d.s Also unlike fhe cases ef other filtering |

methods the cutoff frequency is 1nsensmve to the propagatlon direction of the incident radiation,

wlnle the transmlssmn efﬁc1ency decreases only very gradually -as the propagatlon duectlon ‘

dev1ates from the normal to the plane of the anegulde array.

‘Filters based on metalhc wavegmdes are much ea51er to manufacture for longer
wavelengths because the cutoﬁ' frequency is determined by the wavegmde diameter. Fora hollow
cylmdncal wavegmde havmg cucular cross-section and walls with mﬁmte conductmty (an

approxunanon valid for most metals in -the- far—infr_ared), the cutoff ﬁequency is simply

v, « 0.586/d, where d is the diameter of the waveguide. The aspect ratio of the waveguide, t/d,
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where t is the length of the waveguide, deter;hjnes the rolloff properties. Formed metallic grids
have been used most commonly in the far-infrared, either singly or stacked; individually, such
grids have an aspect ratio (t/d) <1, giving them relatively poor filtering properties. For larger

aspect ratios at long enough wavelengths (longer than 300 um), it is possible to manufacture a

-filter consisting of an array of waveguides with an aspect ratio greater than 1 by drilling holes

in a piece of metal. However, such techniques cannot be extended into the near-infrared, visible,
and ultraviolet'regions because, in order to have cutoff frequencies in these spectral regions, holes
with d between 10 and 0.1 pm and an aspect ratio (t/d) >1 are required. Arrays of such small
holes are well beyond the reach of the manufacturing techmques used for the far-infrared filters.
Smce no economical alternative for manufacrunng the required amays of 10 to 0. 1 pm holes
existed prevmusly, near-infrared, visible, and ultravmlet ﬁlte;s based on this concept could not

be made until now.

" Summary of the Invention
A'ccordingly, it iS- 'an object of this invention'to prdvide .a'"'method to fabﬁcate spectral
filters based on uniform an'ays of metallic waveguxdes made from nanochannel glass matenals

Itisa funher ob_]ect of this invention to prov1de spectra] filters for ﬁltenng radlatlon in

- the near mﬁ‘ared through near ultravwlet spectral region.

Itisa further obJect of this mvennon to provide filters that can operate as high-pass, low-

pass or band—pass ﬁlters in the near mfrared through near ultravwlet spectral region. ‘

It is a further object of th15 invention to provide spectral ﬁlters are relatlvely rugged,
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being much less sensitive to enviromnegtqi -.factors such as heat, hunﬁdity, and mechanica]
vibrations than current alternatives. |

These and additional objects of the invention are accomplished by the structures and
processes hereinafter described. B |

‘The cresent invention is a spectral filter comprising a wafer baving an array of
substantially uniform parallel hollow channels therethrough. The channels have a diameter of
from about 0.1 pm to about 10 um. The wafer has a first and a second surface é'ubstantially

perpendicular to the axis of the channels, and the first and second surfaces and the channels are

.coated with a reflective material. The invention further relates to a method of making a spectral

ﬁlter comprising the steps of (1) providing a wafer having substantially umform parallel, hollow
channels therethrough, the channels having a diameter of from about 0.1 pm to about 10 pm, the

‘wafer having a first and a second surface substantially perpendicular to the axis of the channels

" and (ii)_ coating the first and second surfaces _and the channels with a reflective material.

) Bnef Descrxptlon of the Drawmgs
. A more complete apprecmtlon of the invention will be obtained" by reference to the
following Detailed Descnptlon of the Preferred Embodxments and the accompanying drawings in )
which like numeérals in different ﬁgures represent the same structures or elements wherem
Fig.l is a dlagrammatlc perspectlve view of a low aspect ratio section of a umform
mangular Jattice array of hollow channels contamed within a nanochannel glass (NCG) structure.

Fig. IBisa dlagrammatlc depiction of the metalhzatlon process.
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Fig. 2 is a diagrammatic depiction of the optical setup for measllrin’g filter transmission
characteristies.

Fig. 3isa diagranlmatic perspective view of a metal filled channel spectral filter

Figs. 4 (A) is a diagrammatic perspectice view of a partially etched matrlx.

Fig. 4 (B) is a diagrammatic perspective view of a partially etched matrix ﬁlled with a
reflective material

Fig. 4 (C) is a diagrammatic perspective view of a filter r_nade of reflective material.

Fig. _S‘is the superimposed transmission spectra for a NCG based waveguide as a function

of wavelength and film thickness

Fig. 6isa graph showing the increase in filter transmission (efficiency) as a function of

~ metal thickness

Fig. 7 is the supenmposed characteristic transmlssxon spectra of severa.l different NCG
based spectral notch filters. _

Fig. 8 is a graph showillg the position of the midpoint spectral_ cutoff on the long
wa\‘/v_el_er_igtl_l,s'ide Qf __'_tlle't,ransmi“ss_'i'on spe_c:lra from F1g 7 i)lbtted asa ﬁ]hc’lion of cllangel diameter
along witl1 predicted results for perfect metals shown by'the ‘'solid line.

Detailed Description of the Preferred Embodiments

The present mventlon rehes ﬁmdamentally on the opncal propemes of metalhc

Waveguldes Wthh allow radxatlon of certain ‘wavelengths to propagate freely while strongly )

attenuating rad1at10n of other wavelengths. The opncal propertles of the ﬁlters are controlled by
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adjusting the geometrical specifications of the_jvryaveguides, as well as the materials of which they
are fabricated. These parameters determ-ine .whether the filters are high-pass, low-pass or band-
pass, as well as determine the spectral region in which‘they will operate. As discussed above, the
cutoff frequency is determined by the waveguide diameter. For a hollow cylindrical waveguide
having circuler cross-section and walls with infinite conductivity, the cutoff frequ_ency is simply
V. o 0.586/d, where d is the diameter of the waveguide. This formula serves as a useful
approximation for calculating the cutoff frequency of nonideal meteria!. The aspect ratio of the
waveguide, t/d, where t is the length of the waveguide, determines the rolloff properties. Since
the geometncal factors in particular are relatively easy to control the ‘method of the present
mventlon pen'mts the fabrication of filters with any desired spectral characteristics within the ‘
entire spectral region covering infrared, visible and ultraviolet radiation.

Materials suiteble for the practice of the invention are preferably nanochannel glass that
has an 1 array of substannally umform ‘parallel, hollow channels wherem the channels have a

diameter of from about 0.1 pm to about 10 pm. Such matenal may be obtamed by mcthods

'descnbedeS PatNo 5306 611 US Pat No 5264722 US Pat. No 5332 681andUS

Pat No. 5 ,234, 594 in Tonuccx et al "Nanochannel Array Glass" Sc1ence 258 783 (1992) and in
Rosenberg etal, "ngh-Pass Optxcal Filters Based on Gold-Coated Nanochannel Glass Matenals"
Mat Res. Soc Symp. Proc Vol. 431, (1996), the entire dlsclosures of whxch are mcorporated
herem by reference in their entirety. Nanochannel glass may “also be referred to. as "NCG"

material.

Nanochannel glass materials have been successfully thermall); cycled from liquid helium

_a

6
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temperatures to temperatures in excess of 600 degrees centigrade without damage. They can
have an open area to total surface ratio in excess of 75%. When coated with noble metals, they
can be made to resist deterioration in their physical and optical propenies after treatment by water -
and a variety of chemicals. In addition, nanochannel glass is a rigid structure and therefore the

components. of the structure are not susceptible to mechanical vibrations over a large frequency

. range. When the channels are coated with a high reflectivity metal, they act as metallic

waveguides.

The invention is preferably practiced as follows. Nanochannel glass material, when it is
first manufactured, generally comprises a matrix of parallel, etchable glass rods in a matrix of
non—etchable glass The nanochannel glass material is selected so that the size and spacing of the
etchable glass rods corresponds approximately to the size and spacing desired for the channels
The diameter of the rods is selected according to the desired cutoff frequency for the filter. The

nanochannel glass material is then shaped and polished into the form of a wafer with two flat

, parallel surfaces onented perpendxcular]y to the axis of the etchable glass rods. The thickness of

the wafer (correspondmg to the length of the wavegulde t, as drscussed above) is chosen to be

between 1 and 5000 t1mes the dlameter of the glass rods (and the dlameter of the channels after
etchmg away the glass rods) Preferably, the thlckness of the wafer is between 1 and 20 times the
diameter of. the glass rods The etchable glass rods are then etched to create hollow channels Fig

lisa d1agrammat1c perspective view of a wafer 1 havmg hollow channels 2 etched therein. The

. ﬁgure is not to scale- an actual nanochannel glass wafer will have more than 10‘s channels. A -

‘coating of high spectral reflectivity material in the spectral region of interest is deposited onto the




10
11
12
13
i
s

16

17

18

19

20

21

Docket No.: N.C.: 78,182 ' ‘ ~ PATENT APPLICATION
Inventor’s Name: Armand Rosenberg and Ronald J. Tonucci

channel walls and onto the front, side and back surfaces of the wafer by sputtering, thermal or
electron beam evaporation, laser ablation, electro-deposition, chemical vapor deposition or liquid
phase deposition techniques. Preferred reﬂective materials include Al, Ag, Au, Ni. and Pt and the
preferred method of depositing the material is by sputtering. Figure 1B is a diagrammatic
depiction ot’ the wafer 1 being coated by a sputtering process. The result is the fabrication of a
uniform array of identical paralle]l metallic coated channels or metallic waveguides which can be .
used as a spectral filter for the infrared, near infrared, visible, and ultraviolet spectral regions.
Metal films of at least 20' nm are generally sufﬁcient for spectral ﬁlter operation;The thickness
of the coating.depends on the diameter of the channels- a smaller diameter channel w111 have a .
thinner coating thereon. Preferably, the coating is oetvveen 60 nm and 1000 nm. Most prefernbly,
the coating is a thickness equal to about 0.1 times the diameter of the'channets. Before the step

of coatmg the glass with the highly reflective material, the glass may be cleaned carefully and

.. a Iayer of several nm of Ni or Cr may be deposited. These prehmmary steps ensure excellent

adhesmn of the hlghly reﬂectlve matenal 10 the glass.

. As shown in F1g 2, spectral ﬁltermg is accomphshed by shimng hght towards the ﬁlter

3 along a dlrectlon apprommately parallel to the axes of the meta.lhzed channels 10. The spectral-

charactenstxcs,of the ﬁlters are such that they reﬂect -most of the radlanon at wavelengths below

the cutoff frequency, absorbmg very httle mc1dent radiation. Thus, both hlgh-pass (transmlssmn)

and Iow—pass {reflection) charactenstlcs around a partlcula.r cutoff wavelength are possible by

* means of a single filter. In' add1t1on, the high spectral .reﬂectmty of the coating materials.used

allows high-intensity sources of radiation, such as gas discharge. lamps and high-power lasers to
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be spectrically filtered without damage to the' fﬂter itself.

The channel glass geometry is preferably chosen with small channel to channel separations
and a hlgh packmg densxty Preferrably, the spacing between channels is between 0.1 and 5 pm.
The small spacing between channels increases fhe efficiency of the device by taklng advantage
of resonances due to coupling between adjacent waveguides. This leads to transmission
efficiencies greatly exceeding that expected on the basis of the open geometrical area of an array

" Following the manufacture of a spectral filter based on metalhzed NCGin accordance with
the method of the present invention, the cutoff frequency of the filter can be further controlled

by ﬁllmg the metallized channels with a transparent dielectric material. The greater the refractive

‘indexA of the dielectric materie.l, the greater the downshift of the cutoff frequency will be.

'fhe NCG can also be used as a template for creating composite metal-glass structures by
filling the hollow channels with metal. These inverse arrays could be used as low-pass filters,

ha'vin'g' transrm'ssion curves which are precisely the inverse of the transmission of the original

-NCG-based filters. The cutoff posmon is agam determmed by the aeometncal factors described
above These two types of ﬁlters can then be combmed to create bandpass filters wnh any -

reqmred spectral charactenstlcs Flgure 3 shows a filter 4 havmg metal—ﬁlled channels’ 3

A second method . for the fabrication of speetral filters based on nanocha.nnel glass

technology mvolves the creation of inverse na.uochannel glass structures. By this method, the
" etchable glass and inert glas§ composing a typfcal NCG structure are switched, that is, the starting

. materialdcomprises inert glass rods in an etchable glass matrix. As shown in Fig. 4 (A), the

resulting structure after etching to a predetermined depth is a pattern of rods 6 extending from
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the unetched portion 7 of the material. As sﬁq:wn in Figure 4 (B), highly reflective material 8,
such as one of the metals described above, can then be deposited onto the structure to surround

the rods 6. After polishing the metal coated substrate to re-establish and expose the original NCG

surface (the tops of the rods), reflective material 8 is removed from the structure. The highly

reflective material can then serve as a filter. As shown in Fig. 4 (C), the filter comprises the
highly reflective material 8 having channels 9 corresponding in size and geometry to the rods 6.

The inverse NCG structure, and similar étxuctures,_can be reused if a thin sacrificial buffer

- layer is deposited over the pillars and pillar base prio‘f to deposition of the high reflectivity layer.

After polishing the' metal coated substrate to re-establish and exp;se-the 'oﬁginal NCG surface
(t_opé of the posts and t_:uffer laye;r); the buffer layer can then be removed by etching, releasing -
the filter. -

_ Having described the invention, the foll‘owing examples vare given to illustrate speéiﬁc
appﬁc_:atiéns dfth; invention, including the best mode ﬁowknown to perform the inyentioﬁ. Theée

_speéﬁc exainples are not ‘intende:d to limit the scope of the.‘inve'ntiqn described in this application.

: Example 1

A nanochannel glass w_afef was formed havmg‘a high packingA densxfty triangle laﬁi_c,e _.of circular
imles or éharméls with _ch?mnel diameters equal to 8 inicrons, 'the chéumels being séaced' 12
microns apart on centers. The channel diameters ot.' the nanochannel glass array were chosen such
that the position of the Uansmlzssion edge wouid occur in a ﬁortion of the ‘spectrum wht;.re ‘the

glass was highly absofbing. Therefore, any transmission through the filter wguld be due to the

10
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waveguide effect. For this example the ratib'.of total channel open area to total ﬁlter area was
chosen to be 38% with an aspect ratio’ (t/d) of 3. The nanochannel glass arrays were metalhzed

by sputtermg gold on the top and bottom surfaces and on the inside surface of the channels to
tlucknesses of 60 nm, 150 nm, 200 nm, 300 nm and 570 nm. The characteristic transmission
spectra for each thickness was recorded, as well and the transmission spectra for a piece of matrix
glass. The supenmposed spectra are shown in Fig. 5. F1g 6isa plot based on these data showmg
the increase in filter transmission (efﬁmency) as a function of metal thxckness As shown, a peak
transmission of over 70% was achieved, considerably greater than the 38% open area of the filter
itself, for coating thicknesses over 400nm, demonstrating the resonance phenonema for close
channel packing’of the Waveguides. This effect has only previously been reported in the

microwave region.

Example 2:

. Several NCG based spectral notch filters were created having the same geometrrc

‘ placement and channel shape of the channels in the arrays and wherem the ratxo of total channel

open area to total ﬁlter area was 38%. The only property that was changed for each of the filters
charactenzed was the actual channel dtameter contained wrthm agiven ﬁlter array. The ﬁlters had
channel diameters of 8.0 pm, 5.0 pm, 17pm 12 pm, 09y.tm 06pm and035pm. 'Ihe
filters were metalhzed by sputtenng less than 50 nm of Au on the inside surfaces of the holes.
Fig. 7. shows the supenmposed transmission spectra for each of the ﬁlters The ﬁgure shows a

remarkable likeness in the transmission characteristics of all of the filters measured, with cutoff

11
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wavelengths as short as 400 nm and filter tr;;ﬁsmission as short as 3QO nm.

Fig. 8 shows the position of the filter spectral cutoff on the long wavelength side of the
trgnsmission spectra from F ig. 7 plotted as a function of channei diameter along with pi‘edicted
results for perfectly conductive metal coatings s;hown by the solid line. The figure shows there
is a linear relétionship between the channel diameter and cutoff wavelength of the filters for this
packing geometry and channel density. _Given the geometry, center-to-center distance and
di.ameter of the ch@els within a particular metallized NCG arrﬁy, the position apd genc@ shape
of the spect.ral. features of the filter are highly predictable.

Obviously, many modifications and variations of the present invention are possible in light

of the above tedchings, If is thérefore to be understood that. , A .

. the invention may be practiced otherwise than as specifically described.

12
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ABSTRACT
A spectral filter is made in the form of a wafer of nanochannel glass having an array

of substéhtiall_y uniform parallel hollow channels of from about 0.1 microns to about 10

‘microns that are coated with a reflective material.

13




00,0
/%%%%
000%0%0
0209007
080%0%0%%
10%0%0%0%C%

"Ul lUl lu[ lul lU[]U()
10%%%2%7%
0002020
\0903080%
0%%

F’f' /B




Jsjswonoedg

-uone|pe. peiejjiy

. ey oad

7 mi

82.n0s 16| eym










(wr) ybusjenem
14 1°] 9

WU 00g - — —
ny wu /G- - —

=
b 2
T 5
S __,....s\ Jdego =
.
lm..o




009  00g

(wu) sseuxoiyy wiy ny

0ov ooe 00¢ -

0. "
00
A/

.

D

o %
m.

(72}

o 3.
490 &
2
=

480

. o1




80

oL
wd v
. (€ ) 3 |
- wigg=p a2 \A wrigg=p
61 x) (€ x) €x) (£x)
wnegzgo=p wrigo=p wigzg= .wi g'g=
L) ¥ ) ) 1 1 — -. L L -v T —

¢0
o

90

0L

uoISsjwISue. |




(wrl) p ‘Jejowre)p _w:c,mso

10 - I ]!
J 1 | LIS - | i L] — 1 L T ) ) T LB | —
i 985°0/P =%y -
” :uojoIpaiy

T

i v v i
[ by o ]
Ny o i
uopopeid
1 1 I A R - - 1 1 . o |

ol

R/

(wr) % ‘yibusjenem yojny

10 -




